Thermogenic brown and beige adipose tissues dissipate chemical energy as heat, and their thermogenic activities can combat obesity and diabetes. Herein the functional adaptations to cold of brown and beige adipose depots are examined using quantitative mitochondrial proteomics. We identify arginine/creatine metabolism as a beige adipose signature and demonstrate that creatine enhances respiration in beige-fat mitochondria when ADP is limiting. In murine beige fat, cold exposure stimulates mitochondrial creatine kinase activity and induces coordinated expression of genes associated with creatine metabolism. Pharmacological reduction of creatine levels decreases whole-body energy expenditure after administration of a b3-agonist and reduces beige and brown adipose metabolic rate. Genes of creatine metabolism are compensatorily induced when UCP1-dependent thermogenesis is ablated, and creatine reduction in Ucp1-deficient mice reduces core body temperature. These findings link a futile cycle of creatine metabolism to adipose tissue energy expenditure and thermal homeostasis.
INTRODUCTION
Non-shivering thermogenesis primarily takes place in brown and beige adipose tissues. The ability of these depots to dissipate chemical energy has led to interest in their ability to combat obesity and diabetes. The thermogenic property of brown and beige fat relies predominantly on the actions of uncoupling protein 1 (UCP1) (Cannon and Nedergaard, 2004) . This protein resides in the mitochondrial inner membrane and stimulates thermogenesis by dissipating the protonmotive force (Dp) and increasing the rate of substrate flux through the mitochondrial respiratory chain.
It is now appreciated that there are at least two distinct UCP1-expressing cell types. Classical brown adipocytes are derived from a Myf5 + lineage and are located primarily in developmentally formed depots in the interscapular region of rodents and human infants (Seale et al., 2008) . Beige-fat cells arise primarily from a Myf5 À lineage and generally accumulate in white fat depots upon cold challenge or with the application of a number of different adrenergic stimuli, hormones, and peptide factors. Much (but probably not all) of the ''brown fat'' of adult humans in the neck and supraclavicular areas has the molecular characteristics of beige fat, rather than those of the classical brown fat of rodents (Shinoda et al., 2015; Wu et al., 2012) . On the other hand, the interscapular depots of human infants do indeed resemble the classical brown fat of rodents (Lidell et al., 2013) . Ablation experiments in mice have shown that UCP1 + cells, taken as a whole, protect mice from the metabolic effects of high-fat feeding. Diminution of UCP1 + cells via transgenic expression of a toxigene first established the key role of these cells in the regulation of metabolic health (Lowell et al., 1993) . Mice with Ucp1 deletion also develop obesity, although in this case obesity is only observed at thermoneutrality (Feldmann et al., 2009) . Recently, beige-fat function has been ablated in mice, with classical brown-fat function left largely intact (Cohen et al., 2014) ; these animals develop moderate obesity and insulin resistance centered on the liver.
The realization that mammals have two distinct thermogenic cell types raises questions regarding their similarities and their differences. Questions concerning fuel preferences, hormone sensitivities, and other key thermogenic pathways and functions are largely unexplored. We have performed quantitative proteomics, comparing highly purified mitochondria from brown and beige-fat depots. The results indicate that beige-fat cells have a thermogenic mechanism built around a creatine-driven substrate cycle.
RESULTS

Mitochondrial Purification from Cold-Exposed Brown and Beige Fat
We set out to compare the proteomic and bioenergetic properties of mitochondria isolated from beige and brown adipose tissue upon induction of thermogenesis through cold exposure. To this end, we exposed mice to 4 C, which is sufficient to drive thermogenesis in subcutaneous inguinal white adipose tissue (iWAT) and classical interscapular brown adipose tissue (BAT).
We used western blotting to evaluate the purity of our mitochondrial preparations. As expected, mitochondrial proteins were enriched, whereas contaminating components of the cytoplasm and endoplasmic reticulum were largely removed during the purification procedure (Figures S1A and S1B). Mitochondrial yield increased substantially (beige: 10-fold and brown: 2-fold) following cold exposure ( Figure S1C ). These mitochondria from both sources displayed properties indicative of UCP1 + organelles, including the requirement for BSA and purine nucleotides to acquire respiratory control ( Figure S1D ). These data are in line with previous reports (Shabalina et al., 2013) and indicate that beige-fat mitochondria from iWAT are functionally thermogenic following cold exposure.
Quantitative Mitochondrial Proteomics Identifies Arginine/Creatine Metabolism as a Signature of Beige Adipose Tissue
We used tandem mass spectrometry after isobaric peptide tagging to identify protein species exhibiting differential abundance between beige and brown adipose mitochondria from two strains (C57BL/6 and 129SVE) of cold-exposed mice (Figure 1A and Table S1 ). As shown by the global heatmap (Figure 1B) and the principal-component analysis ( Figure 1C ), brown-fat mitochondria showed marginal strain-dependent variance, whereas beige-fat mitochondria demonstrated greater diversity across strains. Next, beige and brown-fat mitochondrial proteomes were stratified according to differential relative abundance ( Figure 1B ), followed by identification of beige-fat-selective biological pathways ( Figure 1D ). Because mitochondrial proteins made up a larger percentage of the material after isolating pure organelles through a sucrose gradient, relative to crude mitochondria obtained by differential centrifugation alone (Figures S1A and S1B), we defined bona fide mitochondrial proteins to be those with higher abundance in the pure fraction, relative to the crude fraction. Thus, protein abundance between crude and pure preparations of mitochondria from beige and brown fat was examined by mass spectrometry ( Figure 1E and Table S2 ). Proteins that had higher abundance in pure mitochondria, relative to crude mitochondria, were cross-referenced to the initial proteomics inventory (Table S1 ). Pathway analysis demonstrated that components of arginine-dependent creatine and proline metabolism were reproducibly enriched in beigefat relative to brown-fat mitochondria ( Figures 1D and 1F) . A total of 14 proteins were identified that could be assigned to this pathway (Table S3) . Enzymes with the ability to synthesize creatine and remove ornithine, an inhibitor creatine biosynthesis (Sipilä , 1980) , showed beige-fat selectivity ( Figure 1G ). There was a strong correlation between western blotting and proteomic quantification for beige-and brown-enriched mitochondrial proteins (Figures S1E-S1G). Increased protein abundance in beige-fat mitochondria was observed for components of arginine-dependent creatine and proline metabolism, such as GATM and CKMT2, as well as the majority of ATP synthase subunits ( Figure 1H and Table S1 ). Beige-fat mitochondria contained higher levels of creatine kinase (CK) activity relative to brownfat mitochondria in both C57BL/6 and 129SVE strains of mice following cold exposure ( Figure S1H ). Moreover, mitochondrial CK activity was cold inducible ($2-fold) in beige fat ( Figure 1I ).
Given that creatine metabolism was found to be a distinct feature of thermogenic beige adipocytes at the protein level, we monitored changes in the mRNA expression of genes involved in creatine metabolism following 6 hr and 1 week exposure to 4 C. Transcript levels of these genes were coordinately elevated in response to cold in iWAT but not in BAT ( Figure 1J ). Gatm and Ckmt1 transcript abundance was similar between iWAT and BAT. However, GATM and CKMT1 protein expression was higher in beige-fat than in brown-fat mitochondria (Table  S3 ). In contrast, Ckmt2 transcript levels were greater in BAT compared to iWAT. However, the expression level of CKMT2 protein was found to be slightly greater in beige-fat than in brown-fat mitochondria ( Figure 1H and Table S3 ). The discordance between Ckmt2 mRNA from whole-tissue lysates and protein abundance from isolated mitochondria is likely due to higher mitochondrial content in BAT than iWAT.
We next investigated the levels of creatine and phosphocreatine (PCr) in iWAT and BAT from mice housed at 30 C or 4 C. Creatine levels in iWAT were elevated 2-fold following cold exposure ( Figure S1I ). In contrast, although higher steady-state creatine levels were observed in BAT, cold exposure had no detectable effect ( Figure S1I ). There was no difference in PCr levels in either iWAT or BAT in response to cold ( Figure S1J ), although a modest trend toward lower PCr levels in BAT was observed; these observations are in line with a recent report (Grimpo et al., 2014) . As a consequence of these measurements, it is clear that the PCr/creatine ratio in iWAT was reduced significantly in cold-exposed animals ( Figure 1K ), suggesting increased creatine metabolism in beige fat. These changes in creatine levels were not observed in skeletal muscle of the same animals ( Figure S1K ).
Creatine Stimulates Respiration in Beige-Fat Mitochondria when ADP Is Limiting Based on our identification of creatine metabolism as a signature of beige-fat mitochondria and due to the functional coupling of mitochondrial CK (Mi-CK) to oxidative phosphorylation through the ATP/ADP carrier (AAC) (Jacobus and Lehninger, 1973; Wyss and Kaddurah-Daouk, 2000) , we posited that creatine could dissipate the mitochondrial ATP pool to drive ADP-dependent respiration in beige-fat mitochondria. Such a pathway would require creatine and CK-mediated hydrolysis of ATP to drive a catalytic mechanism that stimulates cycling of ATP production and consumption ( Figure 2A ). We therefore tested whether creatine could stimulate substrate cycling and increase ADP-dependent respiration in beige-fat mitochondria.
Striated muscle tissues are understood to utilize creatine metabolism such that mitochondrial ATP and creatine generate PCr and ADP in a 1:1 stoichiometry (Wyss and KaddurahDaouk, 2000) . The resulting PCr pool is used to drive substrate-level phosphorylation of ADP during times of ATP deficit. Thus, a direct prediction of this classical metabolic utilization of PCr is that addition of a quantity of creatine to oxidatively coupled mitochondria will result in a molar equivalent production of ADP and PCr through CK-mediated phosphotransferase activity (Jacobus and Lehninger, 1973 Table S1 ). Beige-enriched proteins are shown in the subset heatmap.
(C) Principal-component analysis of the mitochondrial proteomics dataset. (D) Kegg pathway analysis of beige-fat-selective mitochondrial proteins from Figure 1B .
(E) Heatmap of beige-fat and brown-fat mitochondrial proteomics data (from Table S2 ) after selecting proteins on the basis of an expression ratio greater than 1 in pure/crude mitochondria. (F) Kegg pathway analysis of significantly enriched beige-fat mitochondrial proteins after cross-referencing Tables S1 and S2. (G) Schematic of creatine synthesis and byproduct removal proteins identified by mass spectrometry. Red circles, proteins identified by mass spectrometry; gray circles, proteins not identified. Gly, glycine; Arg, arginine; Met, methionine; PCr, phosphocreatine; P5C, 1-pyrroline-5-carboxylic acid; Mi-CK, mitochondrial CK. (H) Western blot after treatment of beige-and brown-fat mitochondria with trypsin (0, 10, 25, 50, and 100 mg ml À1 ).
(I) CK activity of mitochondria from 129SVE mice housed at 30 C or 4 C for 7 days.
(J) Quantitative RT-PCR (qRT-PCR) from C57BL/6 mice housed at 30 C or 4 C for 6 hr (4 C-6 hr) or 7 days (4 C-7 days); n = 3 to 4 mice per group.
(K) PCr to creatine (Cr) ratio in iWAT and BAT from 129SVE mice housed at 30 C or 4 C for 7 days.
Data are presented as means ± SEM. *p < 0.05, ***p < 0.01.
amount of creatine would instead drive the release of a molar excess of ADP with respect to creatine, thus resulting in a surplus of oxygen consumption if ADP is limiting. In this case, the relationship of creatine to ADP liberation would be substoichiometric.
The stoichiometric relationship between creatine and ATP synthase-coupled respiration was examined in mitochondria isolated from a panel of tissues. Western blotting demonstrated similar mitochondrial yields from brown fat, beige fat, heart, kidney, and liver ( Figure 2B ). Mitochondria were respired on pyruvate and malate in the presence of varying ADP concentrations. These organelles exhibited the expected behavior on addition of sub-saturating amounts of ADP (0.01-0.2 mM), such that respiration transitioned to state 4 as ADP became limiting (Figures S2A and S2B) . In contrast, a saturating amount of ADP (1 mM) resulted in state 3 respiration with no transition to state 4, as ADP was no longer limiting over the course of the incubation ( Figure S2A ). In the presence of sub-saturating levels of ADP, addition of a sub-stoichiometric amount of creatine (0.01 mM) stimulated an $30% increase in respiration in beige-fat mitochondria. Specifically, creatine did not significantly affect the initial (state 3) ADP-stimulated rate of oxygen consumption ( Figures 2C and  2D , left panel) but enhanced the respiration rate when ADP levels became limiting (Figures 2C and 2D, right panel) . This action of creatine in beige-fat mitochondria did not occur in the absence of exogenous ADP ( Figure S2C ) nor did it occur in the presence of the AAC inhibitor, carboxyatractyloside ( Figure S2D ). These data suggest that creatine-mediated respiration required export of mitochondrial matrix ATP through the AAC upon addition of exogenous ADP (Figure 2A ). This feature of creatine-dependent respiration is in agreement with the established functional coupling of AAC with Mi-CK isoforms (Jacobus and Lehninger, 1973; Wyss and Kaddurah-Daouk, 2000) . Furthermore, incubation of beige-fat mitochondria with saturating ADP concentrations ( Figure S2E ) precluded the respiration-stimulating effects of creatine ( Figure S2F ), further confirming that the stimulatory effects occurred only under ADP-limiting conditions.
On the basis of the mitochondrial P/O ratio (Watt et al., 2010) we calculated the amount of additional ATP that was synthesized by addition of creatine to beige-fat mitochondria. Creatine drove an increase in oxygen consumption equivalent to a 7.82-fold (±2.12) excess phosphorylation of ADP. These results indicate that in beige adipose mitochondria, creatine acts substoichiometrically (with respect to ADP phosphorylation) to increase mitochondrial ATP synthesis and stimulate substrate flux through the mitochondrial respiratory chain. Addition of sub-stoichiometric amounts of creatine to mitochondria isolated from brown fat, heart, kidney, or liver ( Figure 2B ) had no effect on ADP-dependent respiration .
Striated muscle contains a large quantity of creatine (Fitch and Chevli, 1980) , and so endogenous mitochondrial creatine levels in beige and brown fat were compared to heart following purification of a comparable yield of organelles from these tissues ( Figure 2I ). Figure 2J demonstrates that mitochondrial creatine levels were similar between tissues following purification, indicating that the lack of a respiration-enhancing effect in heart mitochondria was not due to a high amount of endogenous creatine. Together, these data indicate that creatine stimulates respiration in beige-fat mitochondria in a substoichiometric manner with respect to ADP, specifically when ADP is limiting; this is consistent with a model of creatine-driven substrate cycling (Figure 2A ).
To examine thermogenesis by creatine-driven substrate cycling, we employed differential scanning calorimetry (Ricquier et al., 1979) . As expected, chemical uncoupling by FCCP induced thermogenesis, and this signal was inhibited by rotenone and antimycin; the signal was similar to that obtained when mitochondria were omitted from the reaction ( Figure  S2H ). Importantly, addition of creatine to beige-fat mitochondria drove ADP-dependent thermogenesis by $30% relative to organelles incubated with ADP alone ( Figure S2I ). This is a direct demonstration of thermogenesis through creatine metabolism in beige-fat mitochondria.
Creatine Metabolism in Adipose Tissue Contributes to Energy Expenditure and Thermal Homeostasis In Vivo As the role of creatine metabolism in thermogenic fat tissues is essentially unexplored in vivo, we systematically assessed its role in beige and brown adipose metabolic functions. First, we examined whether creatine regulates oxidative metabolism in beige and brown fat. To this end, we utilized b-guanidinopropionic acid (b-GPA), a creatine analog that is well established to inhibit creatine transport and to reduce creatine levels in cultured cells and tissues (Fitch and Chevli, 1980) . A diet supplemented with a typical dose of b-GPA (2%), resulted in reductions in food intake and weight loss, as previously reported (Oudman et al., 2013) ; this compromised subsequent metabolic analyses. However, when mice were given daily intraperitoneal injections with a lowered dose of b-GPA (0.4 g kg À1 ) for 4 days during cold exposure, body weight and fat-pad weight were unaffected (Figures S3A and S3B) . Creatine levels were reduced by approximately 50% in iWAT and BAT and by 15% in gastrocnemius muscle ( Figure 3A ). Mitochondrial respiratory chain protein expression was not altered ( Figure 3B ). To determine the contribution of creatine metabolism in brown/beige adipose to wholebody energy expenditure, we utilized the b3-adrenergic receptor agonist CL 316,243 (CL), a well-known activator of adipose thermogenesis (Bloom et al., 1992; Granneman et al., 2003) . Movement, food intake, and oxygen consumption were monitored in CL-treated mice that were co-treated with either vehicle or b-GPA. There was no difference in ambulatory movement, food intake, or fuel utilization between vehicle-or b-GPA-treated animals ( Figures 3C, 3D , and S3C). As expected, we detected a 54% increase in the metabolic rate of mice following CL injection. Strikingly, a reduction in creatine through the administration of b-GPA diminished the CL-induced increase in whole-body oxygen consumption by $40% compared to vehicle treatment ( Figure 3E ). The reduction in whole-body oxygen consumption prompted an examination of which tissues were most affected by b-GPA, in terms of whole-tissue respiration. Thus, another cohort of mice, housed at 23 C, was separated into four groups: vehicle, b-GPA, CL, or CL + b-GPA. b-GPA had no effect on the respiration of any tissue examined in the absence of a browning stimulus ( Figure 3F ). CL treatment provided a powerful browning/ beiging stimulus, resulting in a 5-fold increase in iWAT oxygen consumption, a 33% increase in BAT respiration, a 9-fold elevation in PgWAT respiration, and no effect on Gstrc respiration (Figure 3F) . Reducing creatine levels with b-GPA had a profound and significant effect on beige iWAT, resulting in a 34% reduction in oxygen consumption ( Figure 3F ). BAT oxygen consumption was reduced by 18% following b-GPA treatment, PgWAT oxygen consumption was decreased by 15%, and no detectable effect on Gstrc tissue respiration was detected ( Figure 3F ). Although the b-GPA-dependent reduction in BAT respiration did not reach statistical significance, the absolute decrease was larger than any other tissue examined, and so in addition to iWAT, BAT may well contribute to the effects of b-GPA observed in vivo.
We next examined the contribution of beige adipocytes within iWAT to creatine-dependent oxidative metabolism. Mice with an adipose-selective deletion of Prdm16 (Adipo-PRDM16 KO) have disrupted beige adipose function (Cohen et al., 2014) . Following 7 days of cold exposure, creatine reduction with b-GPA significantly decreased iWAT oxidative metabolism from control Prdm16 lox/lox mice but had no further effect on the already reduced respiratory rate of iWAT from Adipo-PRDM16 KO mice ( Figure 3G ). No significant effect of creatine reduction was detected in any other tissue in either genotype, although again, there was a modest reduction in the respiration of BAT from Prdm16 lox/lox mice ( Figure 3G ). Therefore, using two models of browning/beiging, these data demonstrate that creatine reduction attenuates the oxidative metabolism of thermogenic adipose tissues in vivo.
Respiration of Cultured Human Brown Adipocytes Is Regulated by Creatine
Much, though not all, of the brown fat observed in adult humans has characteristics of murine beige adipocytes (Lidell et al., 2013; Shinoda et al., 2015; Wu et al., 2012) . Thus, it was of interest to examine whether creatine contributed to oxidative metabolism in the recently cloned human brown adipocytes (Shinoda et al., 2015) . Both Ckmt1 and Ckmt2 mRNA levels were higher in two human clonal brown adipocyte lines compared to human white adipocytes ( Figure 3H ). When human brown adipocytes were treated with b-GPA, basal respiration was significantly reduced by 45%; this reduction was completely rescued by creatine supplementation ( Figure 3I ), demonstrating the specificity of b-GPA. Next, RNAi-mediated knockdown was used to assess the function of Ckmt1 in these adipocytes. Transfection of small interfering RNAs (siRNAs) targeting Ckmt1 resulted in an $40% reduction in Ckmt1 mRNA levels, relative to control siRNAtransfected cells ( Figure S3D ). Knockdown of Ckmt1 resulted in a 26% reduction in basal respiration, and creatine supplementation did not rescue this effect ( Figure 3J ). These data demonstrate that creatine and CKMT1 regulate oxidative properties of isolated human brown adipocytes.
Compensatory Regulation of Creatine Metabolism Components and UCP1 in Adipose Tissues In Vivo
The ability of creatine to stimulate thermogenesis in an apparently sub-stoichiometric manner with respect to ADP-dependent respiration suggested that this creatine-based futile cycle could be an important mechanism of thermoregulation in vivo, independent of UCP1. To begin to test this supposition, we re-examined the longstanding and important observation that mice lacking Ucp1 can maintain thermal homeostasis at 4 C if they are gradually acclimated to this temperature (Golozoubova et al., 2001) . These data demonstrated that alternative thermogenic pathway(s) compensate for the lack of UCP1 (Ukropec et al., 2006) . We therefore gradually acclimated Ucp1-deficient (Ucp1 À/À ) mice to the cold over a period of 21 days. In addition,
we also reduced creatine levels by administration of b-GPA to both Ucp1 +/+ and Ucp1 À/À animals. As shown previously (Ukropec et al., 2006), cold-exposed Ucp1 À/À mice had elevated expression of classical thermogenic genes, such as Dio2 and Pgc-1a, in iWAT compared to Ucp1 +/+ mice ( Figure 4A ). Pgc1a was also induced in BAT from Ucp1 À/À mice ( Figure S4A ).
These data suggest a strong induction of a thermogenic phenotype in the iWAT of Ucp1 À/À mice. Slc6a8 and Ckmt1 transcripts were elevated in iWAT of cold-exposed Ucp1 À/À mice, relative to Ucp1 +/+ littermates ( Figure 4B ), whereas Slc6a8 and Ckmt2 transcript levels were higher in BAT from the same animals ( Figure S4B ). As the induction of creatine metabolism genes was elevated in Ucp1 À/À mice, classical thermogenic genes, such as Ucp1 and Dio2, were significantly elevated in iWAT of cold-exposed mice after creatine reduction with b-GPA ( Figure 4C ). A modest increase in Ucp1 and Pgc-1a mRNA was observed in BAT of cold-exposed Ucp1 +/+ mice following creatine reduction with b-GPA ( Figure S4C ). UCP1 protein levels were also elevated in response to b-GPA in iWAT of Ucp1 +/+ mice but did not change in the BAT of the same animals ( Figure 4D ). We also examined the compensatory regulation between creatine metabolism genes and Ucp1 in human brown adipocytes. In these cell lines, Ckmt1 was more abundant than Ckmt2 at the mRNA level ( Figure 3H ). Transfection of siRNAs targeting human Ckmt1 resulted in an $40% reduction in Ckmt1 mRNA levels, relative to control siRNA-transfected cells ( Figure 4E ). Strikingly, Ucp1 mRNA was elevated 2.5-fold in cells transfected with Ckmt1-targeted siRNAs relative to control siRNA-transfected cells. Forskolin treatment of human brown-fat cells resulted in a near 8-fold induction of Ucp1 mRNA ( Figure 4E ), and combining forskolin treatment with Ckmt1 knockdown resulted in a 15-fold elevation in Ucp1 transcript abundance above non-treated si-Ctrl cells ( Figure 4E ). Furthermore, si-Ckmt1-transfected cells had an elevated abundance of Dio2 and Pgc-1a, relative to si-Ctrl transfected cells, following forskolin treatment ( Figure 4E ). Taken together, these data demonstrate (legend continued on next page)
that genes involved in creatine metabolism are increased in the absence of UCP1, and expression of classical thermogenic genes is elevated when creatine metabolism is disrupted. These data suggest a compensatory relationship between UCP1-and creatine-dependent bioenergetics in mice and humans.
Creatine Regulates UCP1-Independent Thermal Homeostasis In Vivo To test the role of creatine metabolism in adaptive thermogenesis in vivo, we examined the body temperature of cold-acclimated Ucp1 +/+ and Ucp1 À/À mice that were treated with either b-GPA or vehicle for 4 days. Ucp1 À/À mice weighed slightly less than Ucp1 +/+ mice ( Figure S4D ). Body temperature of Ucp1 À/À mice was higher than that of Ucp1 +/+ animals at 23 C and 4 C ( Figure 4F ) (Ucp1 +/+ : 34.4 ± 0.11 C and Ucp1 À/À : 34.7 ± 0.14 C, at 4 C). This temperature difference between genotypes is consistent with previous work (Liu et al., 2003) . Strikingly, body temperature of the Ucp1 À/À animals was significantly lower when endogenous creatine levels were reduced with b-GPA ( Figure 4F ), suggesting that in the absence of UCP1, creatine regulates a larger proportion of cold-induced thermogenesis than when UCP1 is present. Creatine contributes to skeletal muscle metabolism, and so it was critical to determine whether the effect of b-GPA on body temperature was due to reductions in shivering thermogenesis. Thus, we used electromyography (EMG) to monitor shivering directly. Mice housed at 30 C showed minimal EMG activity. However, within 15 to 30 min of exposure to 4 C, bursts of shivering were detected ( Figure S4E ). Next, we used EMG on Ucp1 À/À mice that had been acclimated to 4 C, and similar to previous work (Golozoubova et al., 2001) , we detected robust shivering activity ( Figure S4E ). These measurements were confirmed as shivering bursts because they were abolished with the nicotinic acetylcholine receptor inhibitor D-tubocurarine ( Figure S4E ). The capacity for shivering of cold-acclimated Ucp1 À/À mice was not altered by b-GPA treatment ( Figures 4G   and 4H ). We next examined shivering thermogenesis and body temperature in wild-type mice that had been acclimated to 30 C and acutely cold challenged at 4 C following administration of vehicle or b-GPA for 4 days. Under these conditions, reduced creatine levels did not alter shivering capacity ( Figures 4I and 4J ) or body temperature ( Figure S4F ). Analysis of serum CK activity was used as an independent method to monitor shivering. Although serum CK activity was elevated in Ucp1 À/À mice at 18 C, CK activity was elevated to a similar extent in Ucp1
and Ucp1 À/À mice when ambient temperature was reduced to 10 C and 4 C ( Figure S4G ). Importantly, b-GPA administration had no effect on serum CK activity in either genotype. Together, these results indicate that the reduced body temperature of b-GPA-treated Ucp1 À/À mice was not due to aberrant shivering, and that the metabolic and thermogenic adaptations that exist in the absence of UCP1 cannot be explained solely by shivering thermogenesis. Examination of respiration by isolated tissues indicated that despite a lower respiratory capacity of iWAT from Ucp1 À/À mice, relative to Ucp1 +/+ mice (compare Figure 4K to Figure S4H ), b-GPA treatment reduced oxygen consumption substantially in this depot from Ucp1 À/À mice by 40% ( Figure 4K ). No significant effect on respiration due to creatine reduction was observed in any other tissue examined; however, a modest reduction was observed in BAT ( Figures 4K  and S4H ).
A Screen of Mitochondrial Phosphatases to Identify
Candidate Regulators of a Creatine-Driven Substrate Cycle Taken together, our data indicated that creatine drives highenergy phosphate-dependent substrate cycling, which requires ADP-stimulated respiration. This led us to consider candidate molecules in adipose mitochondria that could carry out this process. To this end, we mined our mitochondrial proteomics inventory for putative phosphatases/hydrolases and identified 11 candidate phosphatases. Because several known members of creatine metabolism had elevated expression in Ucp1 À/À mice ( Figure 4B ), we posited that the expression of a key enzyme(s) with phosphatase activity might also be elevated in the absence of UCP1. Transcript levels for all 11 of these phosphatases were measured in iWAT and BAT of cold-exposed Ucp1 +/+ and Ucp1 À/À mice. One gene-Phospho1 (phosphatase orphan 1)-was dramatically altered at the mRNA level, with an 8-fold increase in iWAT of Ucp1 À/À animals ( Figure 5A ). In contrast, none of the candidates were increased in BAT at the mRNA level ( Figure S5A ). The consistent identification of PHOSPHO1 in our mitochondrial proteomic experiments suggested that PHOSHPO1 is at least partly associated with adipose mitochondria. Strikingly, protein expression of PHOSPHO1 was dramatically higher in the iWAT and BAT of Ucp1 À/À mice, relative to Ucp1 +/+ mice ( Figure 5B ). PHOSPHO2, the closest homolog of PHOSPHO1, displayed the opposite expression pattern ( Figure 5B ). Proteomic quantification of PHOSPHO1 from iWAT and BAT of cold-acclimated Ucp1 +/+ and Ucp1
mice also demonstrated results similar to those of western blotting ( Figure S5B ). Interestingly, creatine reduction with b-GPA resulted in a small increase in Phospho1 mRNA levels in iWAT from cold-exposed Ucp1 +/+ mice ( Figure 5C ), and a modest trend in the same direction was detected in BAT ( Figure S5C ). We also examined the compensatory regulation between Phospho1 and Ucp1 in human brown adipocytes. Transfection of siRNAs targeting human Phospho1 resulted in an $50% reduction in Phospho1 mRNA levels, relative to control siRNA-transfected cells ( Figure 5D ). Ucp1 mRNA was significantly elevated 1.5-fold in cells transfected with Phospho1-targeted siRNAs relative to control siRNA-transfected cells, and no change was observed for the differentiation marker Pparg ( Figure 5D ). Therefore, based on the reciprocal expression pattern between Phospho1 and Ucp1 in mouse tissue and human cultured cells, PHOSPHO1 was considered as a candidate for involvement in a creatine-driven substrate cycle.
PHOSPHO1 Regulates Oxidative Metabolism in Primary Inguinal Adipocytes
Phospho1 displayed an expression pattern that would be predicted for a factor involved in an alternative, UCP1-independent pathway of energy expenditure. At the mRNA level, its steadystate expression was modestly higher in murine primary inguinal adipoyctes, relative to primary brown-fat cells, whereas Ucp1 demonstrated the opposite expression pattern ( Figure S5D ). Therefore, the role of PHOSPHO1 in adipocyte bioenergetics was examined. Using adenoviral-mediated shRNA delivery, we achieved $90% knockdown of Phospho1 at the mRNA level in primary inguinal cells, with no mRNA changes detected for its homolog, Phospho2, or the differentiation markers Fabp4 and Pparg2 ( Figure 5E ). Reduced PHOSPHO1 levels were also observed at the protein level ( Figure S5E ). Both shRNAs used to knock down PHOSPHO1 significantly reduced basal oxygen consumption but had no effect on proton leak; the second shRNA also reduced maximal respiration ( Figure 5F ). Knockdown of Phospho1 in primary brown adipocytes ( Figure S5F ) decreased basal respiration but had no effect on proton leak or maximal respiration ( Figure S5G ). Thus, reduced Phospho1 levels attenuated oxygen consumption in primary inguinal and brown adipocytes, although the relative effect was greater in inguinal cells. The more pronounced effect on basal respiration (largely regulated by ATP demand) than on proton leak is consistent with a role for PHOSPHO1 in ATP-coupled oxygen consumption. One interpretation of this data was that PHOSPHO1 regulates substrate cycling by liberating the high-energy phosphate from PCr. Therefore, we purified recombinant PHOSPHO1 ( Figure 5G ) in order to examine whether PCr can be directly hydrolyzed by PHOSPHO1 in vitro. PHOSPHO1-specific activity toward phosphocholine was similar to that of a prior report (Roberts et al., 2004) . However, there was limited phosphatase activity toward PCr; this was done under various buffer conditions ( Figure 5H ). Taken together, these data suggest that if PHOSPHO1 is involved in a creatine-driven substrate cycle, it likely regulates high-energy phosphate metabolism downstream of the phosphotransfer event that utilizes PCr (Figure 6 ).
DISCUSSION
Although UCP1 is critical for optimal thermogenesis, Ucp1 À/À animals can survive cold temperatures if gradually acclimated (Golozoubova et al., 2001; Meyer et al., 2010; Ukropec et al., 2006) . Furthermore, it has been shown with adrenergic stimulation and peptide factors that the thermogenic responses of Ucp1 +/+ and Ucp1 À/À mice are similar (Granneman et al., 2003; Grimpo et al., 2014; Vé niant et al., 2015) . These findings imply the presence of UCP1-independent thermogenic mechanisms. Glycerol-3-phosphate shuttle activation and lipid turnover (Flachs et al., 2011; Grimpo et al., 2014) have been posited to act independently of UCP1. Calcium cycling has been proposed to be an additional source of thermogenesis in BAT (Ukropec et al., 2006) and is a well-established thermogenic mechanism in the extraocular heater muscle cells of certain fish and in mammalian skeletal muscle (Bal et al., 2012; Block et al., 1994) . Interestingly, large reductions in creatine levels have previously been linked to deregulated thermal homeostasis in rats (Wakatsuki et al., 1996; Yamashita et al., 1995) , through unknown mechanisms. The stoichiometric relationships observed between creatine, ADP, and oxygen consumption suggest a creatine-driven substrate cycle. By liberating a molar excess of ADP, with respect to the amount of added creatine, beige-fat mitochondria enhance respiration by maintaining a state of ATP synthesis, as shown by the increased rate of oxygen consumption when ADP was limiting. Reducing creatine levels by even 50% in beige and brown fat was associated with a blunted response to b3-agonism at the level of whole-body energy expenditure. A role for creatine and creatine kinase in brown adipose tissue metabolism has been posited previously (Berlet et al., 1976; Terblanche et al., 1998; Watanabe et al., 2008) . Our data suggest that creatine metabolism regulates energy expenditure in both beige and brown fat.
Gene-expression analyses demonstrated a clear compensatory regulation between classical thermogenic genes and the genes involved in creatine metabolism in murine tissues and human adipocytes. Consistent with this reciprocal relationship, a reduction in creatine levels attenuated oxygen consumption of iWAT from Ucp1 À/À mice and perturbed thermal homeostasis of these animals without diminishing shivering. The expression of Phospho1 was elevated at the mRNA and protein level in Ucp1-deficient animals and thus became the focus of examination. Although the effect of PHOSPHO1 knockdown on adipocyte bioenergetics is consistent with a role for it in high-energy phosphate metabolism, PHOSPHO1 does not hydrolyze PCr in vitro, at least under any conditions we tested. Interestingly, phosphoethanolamine (PEtn), a direct PHOSPHO1 substrate (Roberts et al., 2004) , has been demonstrated to inhibit ADP-stimulated mitochondrial respiration (Gohil et al., 2013) , and so PHOSPHO1 could affect oxygen consumption by regulating PEtn levels. The data presented here indicate that creatine metabolism plays an important role in adipose energy expenditure in vivo. Most likely, creatine facilitates the regeneration of ADP through futile hydrolysis of PCr. This could occur in a single enzymatic step, whereby PCr would be the direct substrate of a so-called PCr phosphatase (Figure 6A ), or via multiple phosphotransfer reactions prior to phosphate hydrolysis from a currently unknown phosphometabolite ( Figure 6B) .
Similar to what was shown in the recently cloned human brown adipocytes (Shinoda et al., 2015) , CKMT1 and CKMT2 expression is enriched in human BAT (Svensson et al., 2011) . If creatine metabolism plays a substantial role in thermogenesis in humans, as suggested by the work here with isolated cells, it could open up possibilities to manipulate energy expenditure in patients with metabolic diseases by new drugs or even with dietary supplementation.
EXPERIMENTAL PROCEDURES
Sucrose Gradient-Purified Mitochondria Sucrose was dissolved to a concentration of 1M and 1.5M in gradient buffer (10 mM HEPES, pH 7.8, 5 mM EDTA, and 2 mM DTT) and layered in a polyallomer centrifuge tube. Mitochondrial samples were loaded on top of the gradient and ultracentrifuged at 32,000 rpm for 1 hr at 4 C. Intact organelles that banded at the interface of the sucrose cushion were carefully extracted, washed twice in SHE buffer, and stored at À80 C until LC-MS/MS or western blot analyses.
Mitochondrial Respiration
Mitochondrial respiration was determined using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience) using 15 mg mitochondrial protein in a buffer containing 50 mM KCl, 4 mM KH2PO4, 5 mM HEPES, and 1 mM EGTA, 4%
A B Figure 6 . Models of Creatine-Driven Futile Substrate Cycling (A) Model of creatine-driven futile substrate cycling based on direct hydrolysis of PCr.
(B) Model of creatine-driven futile substrate cycling based on multiple phosphotransfer events catalyzed by multiple enzymes (Enz 1 -Enz n ).
BSA, 10 mM pyruvate, 5 mM malate, 1 mM GDP. Mitochondria were plated and centrifuged 2,000 g for 20 min to promote adherence to the XF24 V7 cell-culture microplate. Uncoupled and maximal OCR was determined using oligomycin (14 mM) and FCCP (10 mM). Rotenone and antimycin A (4 mM each) were used to inhibit complex 1-and complex 3-dependent respiration.
Primary Inguinal Adipocyte Differentiation
Primary inguinal preadipocytes were counted and plated in the evening at 20,000 cells per well of a seahorse plate. The following morning, inguinal preadipocytes were induced to differentiate with 1 mM rosiglitazone, 0.5 mM isobutylmethylxanthine (IBMX), 1 mM dexamethasone, and 5 mg ml À1 insulin. Cells were re-fed every 48 hr with 1 mM rosiglitazone and 5 mg ml À1 insulin. Cells were fully differentiated by day 5 post-induction.
Primary Brown Adipocyte Differentiation
Primary brown preadipocytes were counted and plated in the evening at 15,000 cells per well of a seahorse plate. The following morning, brown preadipocytes were induced to differentiate with 1 mM rosiglitazone, 0.5 mM IBMX, 5 mM dexamethasone, 0.114 mg ml À1 insulin, 1 nM T3, and 125 mM indomethacin. Cells were re-fed every 48 hr with 1 mM rosiglitazone and 0.5 mg ml 
